The present study is an assessment of a two-member ensemble of transient climate change simulations, with a focus on the Indian summer monsoon and ENSO-monsoon teleconnection. The CNRM ocean-atmosphere coupled model is integrated from 1950 to 2099 and driven by changes in concentrations of greenhouse gases and sulfate aerosols. The simulated monsoon climate is first validated against available observations and NCEP/ NCAR reanalyses over the second half of the 20 th century. The model captures the main features of the Indian monsoon climate and the main mode of variability found in the tropical regions, namely the El Niñ o Southern Oscillation, reasonably well. During the second half of the 21 st century, both scenarios indicate a significant increase in the annual mean surface air temperature (about 2 C) and in monsoon precipitation (less than 10%) over India, relative to the 1950-1999 climatology. However, the model does not show a clear strengthening of the monsoon circulation, but rather a northward shift of the westerly monsoon flow. The increase in monsoon precipitation is therefore partly due to a 'non-dynamical' response to global warming, namely a large increase in precipitable water over India. While the transient response of the model shows a qualitative agreement with the surface warming observed over recent decades, neither the observations nor the model indicate significant trends in All India monsoon rainfall in the late 20 th century. A long-term increase in simulated monsoon precipitation does appear from 1950 to 2099, but is superimposed onto relatively large multi-decadal fluctuations. The simulated ENSO-monsoon teleconnection also shows a strong modulation on multi-decadal time scales, but no systematic change with increasing amounts of greenhouse gases.
Introduction
Though the all-India monsoon rainfall (seasonal rainfall from June to September averaged over India; IMR hereafter) shows little trend over the entire 20 th century (Rupa Kumar et al. 1992; Pant and Rupa Kumar 1997) , the perspective of a possible impact of global warming on the Indian subcontinent remains a major issue for the large population of this region. Indeed, the long and persistent dry season that dominates Indian climate between November and May makes regional water resources extremely dependent on the relatively short summer monsoon season, and even a moderate decrease in monsoon precipitation can have serious consequences on the Indian economy. Conversely, any increase in seasonal precipitation could be associated with an increased risk of major floods. Such dramatic droughts, and floods, have been already recorded during the 20 th century, in response to the large interannual variability of the IMR but their intensity and frequency could be modified by the increasing level of greenhouse gases (GHG) expected during the 21 st century. Unfortunately, numerical climate projections based on coupled ocean-atmosphere models are still uncertain at the regional scale. While early studies using a slab ocean suggested a strengthening of the Indian monsoon circulation and precipitation with enhanced GHG concentration (Zhao and Kellog 1988) , more recent experiments do not lead to a firm consensus. On one hand, several studies (Meehl and Washington 1993; Bhaskaran et al. 1995; Hu et al. 2000; Rupa Kumar and Ashrit 2001; Ashrit et al. 2001 ) also found increased monsoon precipitation, which they mainly attributed to an enhanced monsoon circulation driven by the stronger warming of the Asian continent compared to the Indian Ocean response. On the other hand, no clear evidence for a significant change in the Indian monsoon rainfall appeared in other transient or time-slice experiments (Lal et al. 1994 and Mahfouf et al. 1994; Timbal et al. 1995) . Besides uncertainties in responses to an enhanced greenhouse effect, recent scenarios including changes in sulfate aerosols suggest that this additional forcing is likely to reduce some impacts of increasing carbon dioxide (Mitchell and Johns 1997) , thereby making even more difficult the detection of a significant and robust response of the Indian monsoon in such climate projections.
Moreover, several recent studies suggest that the assumed link between the dynamical and hydrological responses of the monsoon (stronger circulation leading to stronger precipitation) is itself questionable. Kitoh et al. (1997) reported increased monsoon rainfall in their transient climate change simulation without any increase in the strength of the monsoon circulation and suggested that the increase in monsoon rainfall could occur in response to increased atmospheric moisture in a warmer climate. Comparing time-slice experiments based on four different atmospheric general circulation models (GCMs) forced by the same SST anomalies, Douville et al. (2000) found a general weakening of the monsoon circulation but a significant spread in the monsoon precipitation change. They confirmed the hypothesis of Kitoh et al. (1997) that the precipitation response cannot be inferred directly from the circulation change and that changes in atmospheric moisture play an important role in the model response.
The large uncertainties in the existing climate projections originate from several sources: differences between the emission scenarios, introduction of possible additional effects of sulfate aerosols, differences between the models, possible influence of the internal modes of decadal and multi-decadal variability found in the coupled climate models. In addition to these possible reasons, another major obstacle for deriving reliable climate projections is probably the difficulty in simulating the present-day climatology of the Indian monsoon region. Kittel et al. (1998) presented results of an intercomparison of regional biases among nine coupled ocean-atmosphere GCMs for different regions. Over South Asia N; 70-105 E), the control simulations of all models showed strong biases relative to the observations. The bias in summer temperature varies G5 C while that in summer monsoon precipitation varies G50% (relative to observed). The response to enhanced GHG concentrations indicated a change in summer temperature varying from 0.5 to 3.5 C and a change in the summer precipitation varying from 0 to 35% relative to the control climate. While the authors concluded that these models had greater agreement in their sensitivities than their control climate did with observations, the conclusion that climate change projections may not depend on details of their representation of present-day climate might be somewhat exaggerated. Firstly, the biases that were discussed cannot be considered as details. Secondly, besides biases in the mean climate, other deficiencies in the simulations can probably exert a significant influence on the models' sensitivity.
This remark emphasizes the need to validate carefully the simulated present-day climate by focusing not only on monthly and seasonal means, but also on variability, teleconnections and trends. According to the Third Assessment Report (TAR) of the IPCC (2001), there is indeed more and more observational evidence that global warming is happening and that we have entered a period with an unprecedented warming rate. While the internal decadal variability of the climate system could have contributed significantly to the climate fluctuations recorded before the 1970s, it seems that it cannot account for the recent global warming. Thus, capturing the observed trend in global annual mean surface temperature becomes a relevant criterion for validating coupled simulations with a realistic radiative forcing. Trends observed on the sub-continental scale are generally less significant, but can be compared to simulations of the 20 th century climate (Giorgi 2002a and b) . The validation of interannual variability is also important since the simulated range of variability will obviously affect the signal-to-noise ratio and thereby the statistical significance of the simulated climate change. Moreover, a poor representation of the variability is also likely to alter the simulated teleconnection, which can also affect the models' sensitivity. This issue is particularly important since a possible weakening of the relationship between the Indian monsoon and the El Niñ o Southern Oscillation (ENSO) has been recently reported in the observations (Krishna Kumar et al. 1999b) .
In the present study, two transient climate change simulations have been performed with the CNRM Climate Model (CCM), without flux adjustment. The coupled model has been initialized with observed temperature and salinity profiles (Levitus 1982) and observed concentrations of GHG and sulfate aerosols at the beginning of the 1950s, integrated over 20 years without evolution of the concentrations for a relatively short spin-up period, allowing the surface fluxes to reach equilibrium, and finally integrated over 150 years to simulate the climate evolution due to observed and projected changes in the concentrations between 1950 and 2100. Note that a control experiment with fixed concentrations has also been performed in order to assess a possible drift in the model. The two scenarios differ only by minor modifications in ozone chemistry and surface albedo of ocean grid boxes with a partial sea-ice cover, with a minimum impact in the troposphere (Royer et al. 2001 ). While they represent a minimum ensemble that is not sufficient to filter accurately the influence of the internal decadal variability of the coupled oceanatmosphere system, their comparison will allow us a first assessment of the robustness of the model response and of the possible influence of this decadal variability.
Section 2 describes the observed climate datasets that are used to validate the model simulations, as well as the various components of CCM and the experiment design. In section 3, the present-day climate simulated over the 1950-1999 period is validated, with particular emphasis on the Indian monsoon region and its teleconnection with the tropical Pacific. Climate anomalies projected for the 2050-2099 period are discussed in section 4, where the transient response of the model is also described. Section 5 gives the main conclusions of the study.
Observed datasets, model and experiments

Observed datasets
Global measurements of rainfall and surface air temperature have been obtained from the Climate Research Unit (CRU) of the University of East-Anglia, U.K. (available at http:// www.cru.uea.ac.uk). This dataset provides a relatively long record of monthly rainfall and temperature over land at a resolution of 0.5
. Observations of sea surface temperature (SST) have been derived from the HadSST 1.1 climatology (Rayner et al. 1996) . This is a global monthly dataset produced by the Hadley Center for Climate Prediction and Research (Bracknell, U.K.) over the period 1871-1999. Reliable rainfall datasets over oceanic regions, combining both in situ and satellite measurements, are available only over recent decades. In the present study, we use the CMAP data (Xie and Arkin 1996) that provides monthly global precipitation over the period 1979 . Finally, the 1950 NCEP/ NCAR reanalyses (Kalnay et al. 1996) have been used to validate the large-scale circulation and particularly the zonal and meridional winds at 850 and 200 hPa. Note that all datasets have been interpolated onto the model Gaussian grid for an easier comparison between the observed and simulated climates.
The CNRM climate model
The CCM is a coupled global climate model without flux adjustment, consisting of the AR-PEGE atmospheric GCM , the OPA oceanic GCM (Madec et al. 1997) , the GELATO sea ice model (Salas Mélia 2002) and the ISBA land surface model . ISBA uses the same grid as ARPEGE, and GELATO uses the same grid as OPA. The atmospheric and oceanic models are coupled on a daily time-step through the OA-SIS coupler developed at the European Centre for Research and Advanced Training in Scientific Computation (CERFACS) (Terray et al. 1995) .
The ARPEGE global atmospheric model is a spectral model with a progressive hybrid sigma pressure vertical coordinate. In the present study, version 3 of ARPEGE (Déqué et al. 1999 ) is used with a T63 truncation, corresponding to a 128 by 64 Gaussian linear grid, and 45 levels distributed between the Earth's surface and the upper stratosphere. The dynamical part uses a semi-Lagrangian scheme with a 30 min. timestep. The physical package includes the turbulence scheme of Louis et al. (1982) , the statistical cloud scheme of Ricard and Royer (1993) , and the mass-flux convective scheme with Kuotype closure of Bougeault (1985) . The shortwave and longwave radiative schemes are derived from Morcrette (1989 Morcrette ( , 1990 and are activated every 3 hours. In the longwave scheme, gas absorption is described explicitly, so that concentrations of CO 2 , CH 4 and other greenhouse gases are parameters that can be easily modified. More details about the ARPEGE atmospheric physics can be found in Geleyn et al. (1995) and on the web site of the AMIP project (http://www-pcmdi.llnl.gov/).
At the Earth's surface, the ISBA (Interactions between Soil Biosphere and Atmosphere) land surface model (Noilhan and Planton 1989; Mahfouf et al. 1995; Noilhan and Mahfouf 1996) is used to provide a boundary condition to temperature and moisture. Though containing the basic physics of land surface, the scheme is quite simple and needs only a few parameters depending on soil and vegetation type. Heat and water transfer in the ground are based on the force-restore method (Deardorff 1978) . The treatment of canopy has been simplified to avoid the numerical resolution of a specific foliage temperature. A single surface temperature is computed, which is representative of the whole soil-snow-and-canopy system. Besides the surface layer, three more layers are used for deep soil temperature by generalizing the force-restore method, in order to describe heat conduction on time scales from the diurnal to the annual cycles. The surface hydrology is based on four reservoirs: the reservoir of rain intercepted by the canopy, the surface volumetric water content, the total volumetric water content, and the snow layer. A bottom runoff by gravitational drainage has been introduced by Mahfouf and Noilhan (1996) . Finally, the treatment of snow covered surfaces has been improved by adding snow density and snow albedo as prognostic variables, thereby allowing the description of snow ageing processes (Douville et al. 1995) .
The global ocean model used in this study has been developed at Laboratoire d'Océanog-raphie Dynamique et de Climatologie (LODYC) (Madec et al. 1997) . It is a finite differences model, based on the primitive equations, and the thin shell, hydrostatic and Boussinesq approximations. It has 31 vertical levels with a much higher resolution in the boundary layer (10 m) than in the deep ocean (500 m). The horizontal grid has a variable resolution but a typical 2 interval in longitude while the latitude interval is about 0.5 at the equator and increases poleward. The rigid lid assumption is made to filter the surface gravity waves. Horizontal diffusion was chosen to be along the isopycnals, since observations show that lateral mixing induced by mesoscale turbulence tends to occur along isopycnals. Moreover, it avoids undue numerical diapycnal mixing. In the vertical, diffusion coefficients for non solar, water and momentum fluxes are computed by a 1.5 order turbulent kinetic energy closure scheme (Blanke and Delecluse 1993) , whereas the solar flux penetrates the mixed layer by following Beer's law. Because of the hydrostatic assumption, convective effects are removed from the basic equations, so they are parametrised instead by a convective adjustment (Madec et al. 1997) .
GELATO is a dynamic and thermodynamic sea ice model which has been recently developed at Météo-France (Salas Mélia 2002). It considers several sea ice categories, accounts for heat conduction and storage in the slab, snow layer aging and the formation of snow ice. The rheology is based on an elastic viscousplastic scheme and the model proposes two distinct redistribution modes: rafting and ridging. Like the ocean model, the sea ice model is coupled to the ARPEGE atmospheric model through the OASIS coupler.
Experiment design
In this study, the CCM is used to produce three global climate simulations spanning 150 years. The simulations are initialized with oceanic temperature and salinity profiles from Levitus (1982) and with atmospheric trace gas concentrations observed in the 1950's and start with a 20-year spin-up period. In the control experiment, CTL, the greenhouse gases (GHG) and sulfate aerosols concentrations are kept fixed at their 1950 level. In the scenario experiments, SG0 and SG1, the GHG are also prescribed but are updated each year according to observations from 1950 to 2000, and according to the IPCC SRES-B2 marker scenario afterwards. Under this specific scenario, atmospheric CO 2 concentration reaches 620 ppm in 2100, which is slightly less than a doubling compared to the current concentration. The global distribution (prescribed horizontal distribution combined with a standard vertical profile) of the sulfate aerosols is updated every 10 years and specified according to the results of a transport model kindly provided by J. Penner (1998) . Both direct and indirect effects of the aerosols are taken into account in the radiation parameterization according to Boucher and Lohman (1995) . More details about the experiments can be found in Royer et al. (2002) and Douville et al. (2002) . Figure 1a shows the evolution of the global annual mean surface air temperature anomalies in the control experiment CTL, and in both scenarios SG0 and SG1, relative to their 1950-1999 climatology. Also shown are the CRU anomalies over 1901-1998 relative to 1950-1998 . Note that all timeseries have been smoothed using a 11-year moving average. The control experiment, with no change in the concentrations of greenhouses gases and sulfate aerosols, indicates a significant warming drift (about 0.07 C per decade) of the coupled model. This is not negligible since it is about 25% of the global warming simulated in the scenario experiments. Note, however, that CTL is not really an equilibrium experiment. In 1950, the GHG atmospheric concentration has already increased compared to the preindustrial period. Although limited, this enhanced greenhouse effect can be partly responsible for the surface warming simulated in CTL. Nevertheless, this mechanism is not the main reason for the drift found in CTL. According to various numerical studies, the ocean boundary layer does not require more than a few decades to reach a new equilibrium when the radiative forcing is perturbed. Therefore, a large part of the drift is probably due to systematic biases in the atmospheric and/or ocean model. Like many other coupled GCMs, the CCM is still unable to simulate a surface temperature that is both realistic and stable, without flux correction. Note that the surface warming found in CTL is mostly located in the Northern Hemisphere high-latitudes, due to the fact that the main source of drift after the 20-year spin-up is a trend in the simulated sea-ice cover. In the Antarctic, a rapid retreat of sea-ice (about two thirds of the volume and half of the extent) is observed during spin-up of the coupled model, so that experiment CTL starts with a strongly underestimated sea-ice extent, but does not show a strong drift in this region. In the Arctic, sea-ice cover is much more realistic at the beginning of CTL, but shows a slow negative trend during the 150-year integration. This trend is mainly responsible for the surface warming found in CTL, which is indeed maximum along the fringe of the Arctic sea-ice and weaker, but significant, in the mid-andhigh latitudes of the Northern hemisphere (not shown). Obviously, the 20-year spin-up of the coupled model was not long enough to remove the whole drift in our experiments, but it was considered as a reasonable compromise between a realistic present-day climatology (with a realistic Artic sea-ice cover) and an acceptable drift in CCM. Figure 1a indicates that the global surface warming simulated in the scenario experiments is about 4 C at the end of the 21 st century. If the drift found in the control experiment is removed, the value is about 3 C which is more consistent with the warming range (between 0.9 and 3.4 C) given by former projections based on the SRES-B2 marker scenario (IPCC, 2001) . Note again that the present study focuses on the tropics and Indian monsoon climate, where the drift is much weaker. This is confirmed by Fig. 1b showing the evolution of the annual mean surface air temperature anomalies averaged over India. The warming trend found in CTL here is almost negligible compared to the impact of the increased concentration of greenhouse gases prescribed in the scenario experiments. This is why it was decided to estimate the climate anomalies from the scenario experiments relative to their present-day climatology, without subtracting the residual drift found in CTL.
Validation of the present-day monsoon climate
Mean summer climate
During the summer monsoon season (June to September; hereafter referred to as JJAS), strong easterlies in the upper troposphere (200 hPa) and strong westerlies and southwesterlies in the lower troposphere (850 hPa) prevail over the entire monsoon region. The low-level monsoon flow can be considered as a large-scale sea breeze in response to the strong warming of the South Asian continent observed in spring. A comparison of the observed and simulated surface air temperature, low-level circulation and precipitation during the JJAS monsoon season is shown in Fig. 2 . All climatologies (except the CMAP precipitation dataset) are computed over the 1950-1999 (1950-1998 for CRU) reference period (hereafter referred to as P1). The analysis has been carried out for both SG0 and SG1, but only SG0 is presented in Fig. 2 since the two simulations show very similar climatologies.
The observed distribution of surface air temperature is relatively well simulated, although the Indian Ocean SST is slightly higher than observed. This bias leads to an underestimation of the land-sea temperature gradient and could therefore explain that the low-level (850 hPa) monsoon circulation is not strong enough in the model. Note however that the opposite relationship is also possible: the underestimated low-level circulation could be responsible for the warm bias in the Northern Indian Ocean because of an underestimated surface evaporation. Nevertheless, the large-scale circulation patterns are realistic and reproduce the Somali jet and the monsoon flow north of the equator between 40 E-100 E. While the location of the simulated cross-equatorial flow appears realistic, the northward extent of the westerly flow is weaker than observed. The comparison between simulated and observed (CMAP) rainfall over South Asia suggests a reasonable simulation of Indian monsoon precipitation, with high rainfall along the west coast and in the northeast, and low rainfall in the northwest and southeast. Note however that the rainfall maximum over the west coast is underestimated, probably due to the poor representation of the Western Ghats orography with the T63 truncation. Figure 3 shows the observed and simulated mean annual cycle of surface air temperature and precipitation over India (spatial average over land grid points between 5-30 N and 70-95 E). Both SG0 and SG1 climatologies are compared to the CRU climatology over the P1 period. The observed Indian monsoon climate features a very contrasted annual cycle, especially for precipitation. The annual cycle of the observed monthly rainfall averaged over Indian land points typically shows very low rainfall during the winter and pre-monsoon months, a sudden rise in rainfall at the monsoon onset during June, high amount of rainfall in JJAS with a maximum in July, and lower rainfall after the monsoon season. The temperature evolution shows warm conditions during the pre-monsoon season and a sudden decrease in temperature following the monsoon onset, which is due to both increase in surface evaporation and decrease in solar radiation. The CCM simulations capture reasonably well the amplitude of the annual cycle of surface temperature and rainfall. The simulated annual cycle of monthly temperatures is in relatively good agreement with the observations in all months except in winter wherin the model is warmer than observed. The seasonal evolution of rainfall is also realistic, although monsoon precipitation is slightly underestimated whilst the model is too wet during the dry season. Tables 1 and 2 summarize the comparison between the observed and simulated all-India statistics of surface temperature and rainfall over period P1. It confirms the warm bias (0.5 and 0.3 C in SG0 and SG1 respectively) found . Tables 1  and 2 also compare interannual standard deviations and linear trends over P1. Trends are estimated using least squares regression and their statistical significance is tested using the F-ratio (Zwiers and Von Storch 1999). The model slightly overestimates interannual variability of surface air temperature, which might make it difficult to detect a possible climate change over P1. Indeed, while the CRU climatology indicates significant warming trends in both summer and winter, only SG1 shows a significant increase in annual mean temperature from 1950 to 1999. The significance would be even less if the residual warming drift found in the control experiment (see Fig. 1b ) had been subtracted from the trend derived from SG1. Note that linear trends simulated over the second half of the 20 th century cannot be easily validated on regional scales, where the internal climate variability still shows a significant amplitude compared to the impact of the external radiative forcing. The situation is even worse for annual and seasonal precipitation, since the interannual and low-frequency variability here is larger than for temperature, so that no significant trend appears in Table 2 . This result is consistent with the general difficulty in detecting regional changes in the hydrological cycle over the second half of the 20 th century (IPCC 2001).
Mean annual cycle and All-India statistics
Interannual variability and
ENSO-monsoon teleconnection The existence of a mutual interaction between ENSO and the Indian monsoon has been highlighted by both observational and numerical studies. Instrumental records indicate significant simultaneous correlations between IMR and various ENSO indices. Typically the ENSO-monsoon teleconnection is characterized by strong and significant correlations of IMR with the eastern equatorial Pacific SST during the summer and ensuing fall (Krishna Kumar et al. 1995) .
Prior to the assessment of the ENSOmonsoon teleconnection, it is important to assess how the CCM simulates equatorial Pacific SST variability. Figure 4 shows the observed and simulated climatologies and standard deviations of the Pacific SSTs averaged between 2 S and 2 N for both DJF (December to February) and JJA (June to August) over period P1. Both simulations indicate a warm bias (of about 2 C) in the mean temperature over the eastern equatorial Pacific and therefore an underestimated zonal contrast between the Chilean coast and the warm pool in the western equatorial Pacific. The interannual variability of equatorial SST is reasonable in the western and central Pacific, but overestimated in the eastern part of the basin. As far as is known, there is no obvious relationship between mean SST or zonal mean SST gradient in the equatorial Pacific and the interannual variability in the Niñ o-3 region, and it is beyond the scope of the present study to explain the origin of the large variability in the CCM. Note also that most coupled GCMs strongly underestimate the equatorial SST signature of the ENSO variability (Latif et al. 2001; Rao and Sperber 2002) , so that the overestimated variability found in the CCM can be considered as an encouraging result in this respect. Table 3 Since ENSO variability is captured reasonably by the CCM, it is interesting to compute the correlation between the Niñ o-3 index and other timeseries of monthly or seasonal mean climate anomalies. Note that all timeseries have been first detrended by taking the backward differences, DzðyÞ ¼ zð yÞ À zð y À 1Þ, between the value in one year and the value in the previous year. This standard method reduces piecewise linear trends to small constant terms and has the advantage over Fourier filtering or removal of linear fits in that it is local in time (Stephenson et al. 2001) . The main shortcoming is that it reinforces the biennial signal compared to the lower frequencies, but it has been verified that the dominant ENSO variability was not damped too much so that this simple high-pass filter can be applied on both simulated and observed timeseries to validate the interannual variability in the CCM. might be due to the overestimated amplitude of the variability in this region. The right-hand panels in Fig. 5 show time-longitude sections of winter Niñ o-3 SST cross-correlations with monthly equatorial Pacific SSTs (averaged over 2 S-2 N). The simulations show a reasonable agreement with observations, but feature stronger than observed correlations in the preceding and succeeding winters, which suggests a too regular periodicity of ENSO in the model (a wavelet power spectrum shows a persistent and significant signal at periods between 2 and 4 years, while the same analysis applied onto the observed Niñ o-3 timeseries indicates a less stable and wider spectrum). The simulations also show a stronger than observed westward propagation of SST anomalies. Nevertheless, CCM biases remain reasonable compared to the climatology of many state-of-the-art coupled GCMs (Latif et al. 2001) .
To study the ENSO-monsoon teleconnection, a correlation analysis involving summer (JJA) Niñ o-3 SST, IMR and various monsoon circulation indices is carried out over the P1 period for both observations and simulations (Table 4) . Three dynamical indices are considered: (i) the U-shear index proposed by Webster and Yang (1992) -80 E and 20 -30 N/70 -90 E respectively, and reflects both the intensity of monsoon flow over the Arabian Sea and lower tropospheric vorticity anomalies associated with north Indian low pressures. Observations indicate significant Niñ o-3 SST correlations with IMR and all dynamical monsoon indices, though the correlations are weaker for precipitation and Vshear index than for IMI and U-shear index. Both simulations reproduce this strong relationship with the zonal component of the monsoon circulation. Correlations with V-shear index and IMR are quite different between SG0 and SG1 during P1, suggesting that ENSO influence on the regional Hadley circulation and monsoon precipitation is not stable. This result is consistent with the non-stationarity of the observed correlations over recent decades (Krishna Kumar et al. 1999a) . Note also that the stronger than observed link between the Hadley cell and the IMR found in the model is consistent with the weaker influence of the Walker circulation on the simulated monsoon precipitation.
To study the evolution of the ENSO-monsoon teleconnection across the seasons (preceding and succeeding the summer monsoon), a crosscorrelation analysis is carried out over the P1 period using the observed and simulated IMR and IMI on one hand, and the monthly equatorial (2 S-2 N) Pacific SSTs on the other hand. Figure 6 shows the time-longitude sections of the observed (a) and simulated (b,c) IMR correlations with the monthly equatorial Pacific SSTs between Jan À 2 and Dec þ 2. Similar sections are shown for the IMI-SST correlations in panels d, e and f. Observations show that the IMR (& IMI) correlations with Pacific SSTs undergo transition from positive correlations in the previous year (Jul À 1) to negative correlations in the current year (Jul À 0), and again positive in the following year (Jul þ 1). In the simulations, only IMI-SST correlations seem to be realistic. The IMR-SST correlations show a reasonable time sequence, but with a 6-month shift and maximum negative correlations before rather than during the summer monsoon season. Therefore, while the model is able to reproduce the dynamical signature of the ENSO-monsoon teleconnection, Fig. 6 confirms that the precipitation signature is less realistic. Moreover, it must be noted once again that the two scenarios indicate different magnitude of the ENSO-monsoon relationship during P1, suggesting a significant influence of the multi-decadal variability on this teleconnection.
Simulated climate change
4.1 Changes in the mean Indian monsoon climate To study the simulated changes in the mean Indian monsoon climate, changes in surface temperature, tropospheric circulation and monsoon rainfall are worked out for 2050-2099 (P3) relative to 1950-1999 (P1) and are illustrated in Fig. 7 for both simulations SG0 and SG1. Changes in surface temperature indicate greater warming over the land regions compared to the Indian ocean in both simulations. Changes in tropospheric circulation indicate a northward shift in the westerly monsoon flow over the Arabian Sea and India. Note however that the asymmetric dipole response found in Fig. 7c-d cannot be considered as a general strengthening of the monsoon circulation, since the dominant pole of westward anomalies is located slightly north of the equator and indicates a decrease in the westerly monsoon flow rather than an increase in the trade winds (which remain in the southern hemisphere and do not show any strengthening). Figures 7e and f show a significant increase in monsoon rainfall not only over northwest India, but also over the southern tip of the peninsula despite the weakening of the monsoon flow in this region. The statistical significance of the relative anomalies is tested using the two tailed ttest and the grid boxes with monsoon rainfall anomalies significant at 5% have been shaded. The general increase in precipitation (no negative anomalies over India) is found in both SG0 and SG1 despite the relative weakening of the large-scale monsoon circulation. This result is in agreement with the conclusions of earlier studies (Kitoh et al. 1997; Douville et al. 2000) suggesting that the monsoon rainfall can increase in a warmer climate due to the enhanced atmospheric water vapor content rather than to changes in the circulation.
Averaged over the Indian region, the CCM simulations indicate an increase in annual mean temperature of about 2 C during P3 relative to P1 (Table 5) . Though the warming appears in all seasons, the winter warming is maximum and contributes significantly to the annual trend. Similarly, both simulations indicate an increase in the IMR between 9 and 10% during P3 relative to P1. This increase in monsoon rainfall is confirmed by Figures 8a and b showing absolute rather than relative changes in summer precipitation. Figures 8c to f indicate that the larger precipitation is mainly due to enhanced moisture convergence, rather than to changes in surface evaporation. The soil is already very wet during the monsoon season for present-day climate, so that any increase in precipitation leads to an increased runoff, but does not strongly increase surface evaporation over India (Douville et al. 2002) . As distinguished by Douville et al. (2000) , increased moisture convergence can be due to enhanced monsoon circulation and/or to enhanced atmospheric moisture content in a warmer climate. Of the two mechanisms, the former represents . Lower panels: similar correlation analysis using the IMI dynamical index (refer to text for the definition of the IMR and IMI indices). a 'dynamical' and the latter a 'non-dynamical' contribution to the increase in precipitation. The relative importance of the two mechanisms will be discussed in section 4.3.
Changes in the ENSO characteristics
Impact of anthropogenic global warming on the ENSO is critical and has attracted great attention as changes in ENSO characteristics are likely to affect the climate in many regions of the world including India. The second phase of the Coupled Model Intercomparison Project (CMIP2) is focused on the response of the models to a 1% per year CO 2 increase. Reporting some of the key findings of this project, Meehl et al. (2000) pointed out that several models showed an El Niñ o-like pattern in their mean Pacific SST response, with greater warming in the eastern equatorial Pacific than in the west. A change towards an El Niñ o-like mean SST state, together with increased interannual variability, was also reported by Timmermann et al. (1999) . To assess the simulated changes in the ENSO characteristics, the zonal distribution of meridional mean (2 S-2 N) differences (P3-P1) in equatorial Pacific SSTs during winter (DJF) and summer (JJA) are shown in Fig. 9 . Both simulations indicate a stronger warming over central and eastern equatorial Pacific and therefore a Niñ o-like response in summer (less clear in winter). On the other hand and in contrast with the results of Timmermann et al. (1999) , no significant change in the SST variability appears in both simulations (see Table 6 ). The response of the equatorial Pacific variability to enhanced greenhouse effect is obviously model-dependent. In the future, it would be interesting to investigate if this result is related to differences in the models' climatology (the too strong variability and too high frequency of the ENSO simulated by the CCM could, for example, prevent our scenarios from producing an otherwise possible increase in ENSO variability) and/or if it can be explained by the use of different parametrizations.
Transient response of the Indian monsoon
The transient response of the model is described to better understand the mechanisms of the simulated climate change and check that the P3-P1 anomalies are not strongly influenced by possible multi-decadal fluctuations in our simulations. Figure 10 shows the transient response of seasonal and annual mean surface air temperature (left panels) and rainfall (right panels). The anomalies have been computed relative to the P1 climatology and are smoothed using an 11-year moving average. The CRU allIndia temperature and rainfall anomalies available over 1901-1998 are also shown. The surface warming simulated over P1 is qualitatively consistent with the trend found in the CRU climatology. The long-term increase in temperature dominates the decadal fluctuations, and is stronger in winter than in summer like in the observations. Decadal variability is much stronger in the precipitation timeseries. While the CRU climatology suggests a sudden decrease in summer precipitation over India in the 1960s, both scenario experiments indicate increased summer precipitation in the late 20 th century. Various reasons can be proposed for these opposite trends. Some of them are simply stochastic (such as a possible shift between the simulated and observed low-frequency modes of internal variability), while other explanations could involve deficiencies in the scenario experiments (for example, possible underestimation of negative radiative forcing due to sulfate aerosols during P1). Note however that the apparent contradiction found in Fig. 10f must be tempered for at least two reasons: i) both observed and simulated trends over P1 are not statistically significant (see Table 2 ); and ii) a larger ensemble of scenario experiments would be necessary to test the robustness of the simulated increase in monsoon rainfall during P1. Moving to the 21 st century, both SG0 and SG1 exhibit a long-term increase in summer precipitation which is consistent with the 9 to 10% increase found between P1 and P3 in section 4.1. This relative change in monsoon rainfall is statistically significant, but not necessarily very robust since the long-term increase in simulated monsoon rainfall is strongly modulated by a large decadal variability (with sudden shifts in the 11-year running mean anomalies as strong as the shift observed in the 1960s in the CRU climatology). Note finally that the summer response of IMR is, not surprisingly, dominating the annual response (Fig. 10b) , but that the model indicates a possible weakening of the winter rainfall (Fig. 10d ) that is however limited (if absolute rather than relative anomalies are considered) and must be considered cautiously, given the overestimation of the winter precipitation in the CCM. It was noted in section 4.1 that the simulated monsoon precipitation increases over India despite a general weakening of the monsoon circulation. To assess the relative contributions of the 'dynamical' and 'non-dynamical' responses to the increased greenhouse effect, the transient evolution of various monsoon indices is shown in Fig. 11 . The timeseries have been standardized relative to the P1 climatology and smoothed using a 11-year moving average. The long-term decrease in the IMI and U-shear index confirms the relative weakening of the zonal monsoon circulation, while the V-shear index timeseries suggest a slight strengthening (as well as a strong multi-decadal variability) of the regional Hadley circulation. In keeping with the study of Douville et al. (2000) , changes in the monsoon circulation do not fully explain the simulated increase in IMR, which is partly due to a 'non-dynamical' response, whereby increased water vapor content in a warmer atmosphere leads to increased moisture convergence. This is confirmed by Fig. 11e showing the evolution of the total precipitable water index over India. This index features a strong increase (more than 6 standard deviations) compared to that of precipitation (less than 2 standard deviations), thereby pointing out a decrease in the water vapor recycling rate already discussed by Douville et al. (2002) .
In order to better separate the 'dynamical' and 'non dynamical' contributions of long-term precipitation changes, Stephenson et al. (2001) used a linear regression analysis to propose a dimensionless multivariate monsoon index (MMI). This index appeared as a better index than precipitation for detecting climate change over India. A similar regression analysis here is carried out using the outputs of the two scenarios over the P1 period. In SG0 (SG1) the Vshear index accounts for 66% (60%) of the total variance in IMR while the variance explained by the U-shear index is close to zero in both simulations. The residual of the regressions form the dimensionless MMI which accounts (1901 ( ) and in CCM (1950 ( -2099 : (a) annual, (c) DJF and (e) JJAS anomalies respectively. Right column: same as left column but for all-India mean rainfall anomalies (% relative to P1). All timeseries have been smoothed using 11-year sliding window.
for 34% (38%) of the IMR variance. Although this index (Fig. 11f ) shows a somewhat more regular increase than the IMR (Fig. 11a) , due to the removal of the interannual variability caused by fluctuations in the monsoon circulation, the total increase (2 standard deviations over 150 years) is not significantly larger. This is confirmed by Table 7 which summarizes the long-term linear trends (estimated using least square regression) found in the various monsoon indices. Note that the aim here is not to provide accurate estimates of the simulated climate change (it would be necessary for this purpose to remove the slight residual trends found in the control experiment), but to compare the trends between various climate parameters. The trend in the standardized MMI slightly exceeds that in the standardized IMR, suggesting that this multivariate index is not necessarily a much better index than rainfall itself for detecting climate change. The most obvious indicator of the perturbed hydrological cycle over India (as on a global scale) is the steady increase in precipitable water simulated from 1975 to the end of the 21 st century. Unfortunately, satellite measurements of this parameter have only been available from recent decades and are still uncertain, so it is not yet possible to verify the relevance of this result (Chahine et al. 1997 ).
4.4 Transient response of ENSO-monsoon teleconnection As noted before, the ENSO-monsoon teleconnection is characterized by strong and significant correlations of IMR with eastern equatorial Pacific SST during summer and fall. Figure  12 shows correlations with summer (JJA) Niñ o-3 SSTs of various monsoon indices in a 31-year sliding window. Prior to the computation of the correlations, the two series were detrended by taking backward differences. The SST-IMR sliding correlations found in SG0 and SG1 confirm the significant multi-decadal modulation of the ENSO-monsoon relationship suggested by earlier results. While correlations found at the beginning of the simulations are weak compared to observations, they are stronger and significant at the end of the 20 th century and decrease again during the 21 st century. The fact that multi-decadal fluctuations of the simulated ENSO-monsoon teleconnection are somewhat similar between SG0 and SG1 is more surprising. A much larger number of experiments would be necessary to say if it is just by chance or if it reveals a multi-decadal mode of variability which could be more or less predictable (note that a third transient simulation is now available and shows a different multidecadal variability, but a consistent long-term response to global warming). While the correlations between Niñ o-3 SST and IMI or Ushear index are quite robust, the link between ENSO and the monsoon rainfall and V-shear index is much less stable. Moreover, none of the correlations suggest a weakening of the ENSOmonsoon relationship in response to global warming. This result suggests that the observed weakening that has been reported over recent decades could be due to internal decadal variability of the coupled ocean-atmosphere system, rather than to increased concentrations of greenhouse gases.
Conclusions
This study is an assessment of two transient climate simulations of the CNRM Climate Model, with a focus on the Indian summer (i) Gross characteristics of the Asian monsoon circulation are simulated reasonably well during P1 (1950-1999) . The mean annual cycle of surface temperature and rainfall averaged over India also compares well with observations considering the medium resolution (T63 truncation) of the model; (ii) The model captures various aspects of the SST climatology and ENSO variability over the equatorial Pacific. Although the simulated Niñ o-3 SST features a warm bias and greater than observed variability, the seasonal evolution and westward propagation of the SST anomalies are fairly realistic. The model also captures the dynamical signature of the ENSO-monsoon teleconnection, but probably underestimates the rainfall signature, although this signature is also less stable, both in model and observations; (iii) Both scenarios SG0 and SG1 indicate a significant increase in annual mean temperature over India (about 2 C) and a moderate increase in monsoon rainfall (less than 10%) during P3 (2050-99) relative to P1. These regional climate anomalies are possibly slightly overestimated due to the presence of a residual numerical drift in the CCM (as shown by the control experiment CTL), which is however very limited in the tropics. The increase in rainfall found in both scenarios is reinforced by a northward shift of the monsoon circulation in northwest India, but is not associated with a general strengthening of the monsoon circulation; (iv) In both scenarios, equatorial Pacific SSTs show a significant warming, particularly clear in the east during boreal summer. This Niñ o-like response is consistent with the weakening of the Walker circulation. The amplitude of the Pacific SST variability is not significantly affected by global warming in our experiments; (v) Moving to the transient response of the CCM, the simulated all-India timeseries of surface air temperature confirms the robustness of the surface warming derived from P3 minus P1 and, in keeping with trends found in the CRU climatology, indicates a stronger warming in winter than in summer. The simulated rainfall timeseries confirms the evolution towards stronger summer monsoon precipitation, but also indicates a large decadal variability that contributes to the difficulty in detecting precipitation changes in this region (no significant trends over P1 both in model and observations). The transient evolution of various dynamical indices confirms a general weakening of the large-scale monsoon circulation despite a slight increase in the regional Hadley circulation. The simulated increase in precipitation is related to an enhanced moisture convergence which is partly due to a 'non-dynamical' contribution, namely the increase in precipitable water found in a warmer climate; (vi) The transient response of the model also indicates a significant multi-decadal variability in the correlation between Niñ o-3 SST and monsoon rainfall, but no systematic weakening of the ENSO-monsoon relationship in response to global warming. This result suggests that observed weakening reported over recent decades is due to internal decadal variability of the coupled ocean-atmosphere system, rather than to increased concentrations of greenhouse gases.
Although a larger number of simulations would be necessary for a more quantitative estimation of the monsoon response to global warming in the CCM, the two experiments described in this study represent a minimum ensemble that gives the opportunity to make a first assessment of the robustness of model responses. Note, however, that multi-model ensembles are necessary for a more reliable projection of climate change, particularly on regional scales. Although the CCM shows a reasonable present-day climatology and variability in the tropics (see also Douville et al. 2002 , as well as Camberlin et al. 2003 and indicates changes in the monsoon climate that are somewhat similar to former projections based on independent time-slice experiments (Douville et al. 2000) , the present study is not supposed to provide a definitive answer to the crucial question of the global warming impact on the Indian summer monsoon. Much effort is still needed to improve the model and to better understand the mechanisms responsible for internal variability and the forced climate change simulated in our coupled simulations.
